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Abstract

The distribution and timing of Neogene extensional structures along the offshore
Tanzania margin and their influence on submarine sediment dispersal pathways
remain poorly constrained. This knowledge gap limits understanding of the prop-
agation of the East African Rift System (EARS) in the western Indian Ocean. In
this study, we use 2D and 3D seismic reflection data to explore a portion of the
upper slope region offshore the Rufiji River delta which led to the discovery of
a new extensional structure. Horizon maps and seismic sections extracted from
the 3D volume reveal that the slope was intersected by W-E-oriented turbidite
channels during the Cenozoic until the early Pliocene (5.3Ma). Since then, the
opening of this graben, whose timing is also constrained by stratigraphic horizon
flattening, has led to a southward reorientation of these channels, a pattern that
persists today, as evidenced by the flow direction of the channels at the modern
seafloor. 2D seismic profiles reaching depths of 10s two-way travel time (TWT)
indicate that the formation of this graben is not related to the reactivation of
Mesozoic structures. In detail, seismic data show that the acoustic basement is
intersected by extensional faults, likely related to the Jurassic rift tectonics, which
is reactivated during the middle Cretaceous forming a gentle monocline. The lack
of deformation in the post-Cretaceous suggests a period of tectonic quiescence
which persists until the establishment of a new extensional regime responsible
for the graben's opening, indicating a decoupling between Mesozoic and Neogene
tectonics. Considering the similarity in kinematics, orientation and timing be-
tween the graben and other structures along the margin, onshore and offshore,
we interpret this graben to be generated by a later tectonic phase of the EARS.
These new results may indicate that tectonic stresses associated with the EARS
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1 | INTRODUCTION

Submarine channels are prominent geomorphic features
that play a fundamental role in sculpting continental mar-
gins through erosional and depositional processes (Piper
& Normark, 2001). These channels can extend across the
seafloor for hundreds to thousands of kilometres (Covault
et al., 2011, 2012; Piper et al., 1999; Talling et al., 2007),
and may represent the primary conduits for the trans-
port of land-derived materials (including sediments,
organic carbon, pollutants and nutrients) to the deep ma-
rine environment (Heijnen et al., 2022; Shepard, 1936;
Talling et al., 2015). The sediment flows (i.e., turbidity
currents) that transverse them can also constitute a po-
tential geohazard to seafloor infrastructures (e.g., pipe-
lines, telecommunication cables; Carter et al., 2009,
2012; Talling et al.,, 2022), while their deposits may
generate important reservoirs for hydrocarbon (Mayall
et al., 2006; Weimer et al., 2000) or CO, storage (Gunter
et al., 2004; Talling et al., 2023). Various factors influence
the evolution of turbidite channels, including sea-level
fluctuations, shifts in sediment supply and tectonic ac-
tivity (Clark & Cartwright, 2009; Cohen & McClay, 1996;
Deptuck et al., 2007; Kolla et al., 1980; Mutti et al., 2009;
Piper & Normark, 2009). Among these, seafloor topo-
graphic alterations are of particular importance and can
be driven by compressional, extensional and salt tecton-
ics (Ferry et al., 2005; Gee & Gawthorpe, 2006; Huyghe
et al., 2004; Mayall et al., 2010), or by other depositional
and/or erosional processes (Bull et al., 2020; Dottore
Stagna et al., 2023; Kneller et al., 2016; Martinez-Dofiate
et al., 2021; Qin et al., 2017; Wu et al., 2022). Therefore,
understanding the relationship between seafloor defor-
mation and channel evolution may be critical for deci-
phering tectonic events and their impact on deep-water
depositional systems.

This study focuses on offshore Tanzania, the western
Indian Ocean (Figure 1), where previous studies unveiled
the presence of tectonic structures that may represent the
offshore propagation of the eastern branch of the East
African Rift System (EARS). Mougenot et al. (1986) were
among the first to propose a link between the Kerimbas
Graben and Davie Ridge with EARS tectonics (Figure 1b).

migrated from the Tanzania craton, where the oldest rift structures are dated to
ca. 25Ma, to the western Indian Ocean, where the tectonic activity started during
the middle-late Miocene to Pliocene.

East African Rift System, Indian Ocean, Tanzania margin, tectonics, submarine sediment
dispersal pathway, turbidite channels

Highlights

« A NNW-SSE graben has been discovered off-
shore Mafia Island.

« Since the Pliocene, the graben reorientated
southward the original W-E oriented turbidite
channel system.

« During the Cretaceous, reactivated pre-existing
faults formed a monocline, which did not ob-
struct the W-E sediment transport.

« This event was followed by a quiescent tectonic
phase, interrupted by a new extensional phase
from the Miocene.

« The opening of the graben occurred during
Pliocene, and can be associated with the EARS.

More recent studies (Dottore Stagna et al., 2022; Maselli
et al., 2019) have provided further evidence of the devel-
opment of the offshore branch of the EARS, examining
the evolution of submarine channel pathways from the
Eocene to recent times. The availability of recently ac-
quired seismic reflection data collected for energy explo-
ration has allowed us to explore sectors of the margin that
were so far poorly known, thus helping to improve our
knowledge of the evolution of these offshore structures
and how they influenced the margin's growth and sedi-
ment transfer towards the western Indian Ocean.

Here, we investigate a portion of the continental slope
offshore the Rufiji River delta, just south-east of Mafia
Island (Figure 2a), where the seafloor is affected by a
previously unknown NNW-SSE oriented extensional
structure which is being infilled by a sinuous turbidite
channel. Our goal is to investigate the formation of this
structure and how it controlled the evolution of slope
channel systems over time to provide new constraints on
the structural and stratigraphic evolution of the margin.
By quantifying the timing of faults activity and changes
in kinematics, we also aim to investigate whether the or-
igin of this graben is linked to the EARS tectonics, thus
providing new evidence to explain the extensional tecton-
ics along the margin.
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FIGURE 1 (a)The East African margin and tectonic framework, including the bathymetry of the western Indian Ocean, location of
main structures onshore (in black) and offshore (in red) from Ebinger et al. (2024) and Iacopini et al. (2023), and plate boundaries in green
dashed lines (Stamps et al., 2018). White arrows show the GNSS velocity data from Stamps et al. (2018). Orange square indicates location of
the (b). (b) Bathymetric map of the offshore Tanzania. The map includes the location of offshore structures from Dottore Stagna et al. (2022)
and Iacopini et al. (2023). Orange square indicates location of Figure 2a. DFZ, Davie Fracture Zone; DR, Davie Ridge; KG, Kerimbas Graben;

M, Mafia Island; P, Pemba Island; SG, Seagap fault; Z, Zanzibar Island.

2 | GEOLOGICAL SETTING AND
BACKGROUND

The origin of the Tanzania margin can be traced back
to the middle Jurassic, when the breakup of the super-
continent Gondwana started, leading to the separation
of East Africa and Madagascar together with India,

Australia and Antarctica (Coffin & Rabinowitz, 1992;
Jokat et al., 2021; Klimke & Franke, 2016). Synchronous
seafloor spreading of the western Somali Basin
(WSB) and Mozambique Basin since the late Jurassic
(Figure 1a) led the initiation of the Davie Fracture
Zone (DFZ), interpreted as transform dextral strike-slip
fault system that accommodated the southward drift of
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FIGURE 2 (a)Bathymetric map of the western Indian Ocean and study area location offshore Tanzania. The map includes the

location of earthquakes recorded since 1980 from the USGS National Earthquake Information Center and ISC (International Seismological
Centre), which are indicated with red circles (magnitude Mw >4) and Global Centroid Moment Tensor when available (see also Delvaux &
Barth, 2010; Ekstrom et al., 2012). Red area indicates the location of the three-dimensional seismic data from Shell, with semi-transparent
red colour indicating position of the realized surface maps (Figures 5-7; Supporting Information Figure S2); yellow lines indicate location of
2D seismic profiles from SLB; white star indicates the location of Well-1 in (b); (b) From left to right: dated stratigraphic horizons (M1-M4),
Well-1 with gamma-ray log (GR), check-shots velocity model (black line), seismic reflection amplitude (Amp.), and depth in two-way travel

time (ms TWT) and true vertical depth (m ssTVD).

Madagascar (Klimke & Franke, 2016; Mahanjane, 2014;
Sauter et al., 2018; Sinha et al., 2019). The breakup be-
tween East Africa and Madagascar continued until ca.
90Ma when the plate boundary between Africa and
Madagascar became inactive (Reeves, 2018; Revees
et al.,, 2016; Vormann et al., 2020) with Madagascar
reaching its present-day position (Figure la; Klimke
& Franke, 2016; Phethean et al., 2016). Mean-while, a
new plate boundary formed between Madagascar and
India (Reeves et al., 2016; Reeves, 2018), triggering in-
traplate deformations with pre-existing pre-Hautervian
faults undergoing reverse faulting and inversion

(Tacopini et al., 2023; Roche & Ringenbach, 2022; Sauter
et al., 2018). After this drift phase, the relative position
between Africa and Madagascar did not change (sig-
nificantly) since (Figure 1a), and the onset of a rela-
tively quiescent passive margin phase was established
(Coffin & Rabinowitz, 1992; Reeves, 2018). The opening
of the EARS started in the late Palaeogene in Ethiopia
(Ebinger & Sleep, 1998), when a mantle plume devel-
oped below the thick cratonic African lithosphere, and
then propagated southward for thousands of kilometres
(Buitner, 2014; Burke, 1996; Ebinger & Sleep, 1998) and
formed two branches (Figure 1a) synchronously during
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the late Oligocene—early Miocene (ca. 25Ma; Roberts
et al., 2012).

Today, the EARS is a ca. 5000 km long divergent bound-
ary along which the African Plate is in the process of
splitting into two tectonic plates, called the Somali Plate
and the Nubian Plate (Figure 1a; Stamps et al., 2021).
The EARS encloses three smaller microplates, including
Lwandle, Victoria and Rovuma (Figure 1la; Fernandes
et al., 2013; Saria et al., 2014; Stamps et al., 2008), and the
opening rates along the EARS range from less than 1 to
5.5mm/yr (Stamps et al., 2021).

In this tectonic context, the formation of an offshore
branch of the EARS was hypothesized along the Tanzanian
margin (Bassias, 1992; Franke et al., 2015; Heirtzler &
Burroughs, 1971; Iacopini et al., 2023; Kent et al., 1971;
Mahanjane, 2014; Mougenot et al., 1986; Scrutton, 1978;
Sinha et al., 2019; Vormann et al., 2020). Recent findings
regarding the evolution of sediment dispersal pathways
towards the western Indian Ocean and their link with
the development of extensional structures along the mar-
gin (Figure 1b) provided additional evidence in favour of
the hypothesis of the propagation of the EARS offshore.
The post-Miocene offshore tectonics has led to the em-
placement of a major mass-transport deposit offshore
Mafia Island (the Mafia-mega slide; Maselli et al., 2020)
reorganized the slope channels offshore Rovuma River
delta (Maselli et al., 2019), and disconnected the deep-
water drainage network from the feeding system offshore
Zanzibar and Pemba islands (Dottore Stagna et al., 2022).

3 | DATA

3.1 | 2D and 3D seismic reflection data
We analysed 4225km” 3D post-stack, Kirchhoff time-
migrated seismic reflection volume acquired by Shell and
covering a total area of 6092km? (Figure 2a) and cut at
a depth of 4.5s two-way travel time (TWT). The data are
zero-phase and displayed with SEG normal polarity, indi-
cated by an increase in acoustic impedance (peak) at the
seafloor. The vertical resolution between the seafloor and
horizon M1 is from 7.5 to 12.08 m, calculated considering
a peak frequency of 60 Hz (frequency band spanning from
5 to 115Hz) and interval velocity of 1800 to 2900m/s, as
derived from check shot data of Well-1 (Figure 2b, see also
Maselli et al., 2020).

We also analysed ca. 570km of 2D multichannel seis-
mic reflection profiles (Figure 2a) from the Tanzania
1999/2000 Multiclient 2D survey (Figure 2a) acquired
by WesternGeco-SLB using a 5200-m-long streamer with
hydrophones at a 12.5m interval. The seismic data were

Research =

reprocessed by WesternGeco in 2012 introducing an
anisotropic Kirchhoff pre-stack time migration. The seis-
mic lines have been recorded to a depth of 10s TWT.

4 | METHODS

The interpretation of seismic reflection data was con-
ducted using Petrel software applying conventional meth-
ods of seismic stratigraphy and geomorphology (Mitchum
et al., 1977; Posamentier & Kolla, 2003).

The stratigraphy presented here for the 3D seis-
mic data is based on previous studies (Dottore Stagna
et al., 2022; Maselli et al., 2020) that identified four key
seismic horizons that were tied to Well-1 (Figure 2b)
and named M1 (38Ma), M2 (28 Ma), M3 (15Ma) and
M4 (5.3Ma) (Figures 2b, 3 and 4; see also Supporting
Information Figure S1). We used conventional terminol-
ogy for the variation in acoustic impedance (Veeken &
van Moerkerken, 2013) to describe the picked horizons:
the term ‘hard kick’ indicates a downwards increase in
acoustic impedance while ‘soft kick’ denotes a downward
decrease in acoustic impedance. Surface maps have been
made for the mapped horizons (Figures 5-8; Supporting
Information Figure S2). The sinuosity index (SI) was es-
timated for the most recent turbidite channel at each
seismic map (light green channels; Figures 5b, 6b and
7b). Root-mean-square (RMS) amplitude and edge de-
tection variance seismic attribute maps were extracted
for the horizon surfaces to image coarse-grained bodies
(Figures 5c,d, 6¢,d and 7c,d), such as turbidite channels,
lobes and sediment waves, and discontinuities related to
faulting and channels (Chen & Sidney, 1997; Chopra &
Marfurt, 2007; Pigott et al., 2013).

Faults were manually picked throughout the 2D and 3D
seismic datasets (Figures 3-7, 9 and 11), and detailed fault
architectural elements, including segments and splays, have
been visualized using edge detection seismic attribute vari-
ance (Figures 3d, 4d and 5d; Chopra & Marfurt, 2007). The
fault lines for the 3D dataset were extracted from Petrel and
imported into MOVE software, where fault planes were gen-
erated using the Delaunay triangulation method (Figure 9a;
Delaunay, 1934). Strike and dip values were estimated for
each of the faults, then classified based on their orientation
and location and plotted to produce stereo plots and rose dia-
grams (Figure 9b). Since the seismic reflection data are in the
time domain, the absolute values do not represent the real
geometry of the faults but can be still used for structural in-
terpretations as highlighted in other studies (see recent stud-
ies conducted in the area, e.g., Franke et al., 2015; Iacopini
et al., 2023). We estimated a difference in the dip angle of the
faults from TWT to depth by converting in depth the lower
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FIGURE 3 Uninterpreted and interpreted seismic line (vertical exaggeration 3:1) extracted from 3D seismic reflection volume (see

location in Figures 5-7, 9 and 12), perpendicularly oriented to the strike of the faults (Figures 5-7 and 9). The interpreted version of the

seismic line shows the four dated seismic horizons (age of the horizons provided in Figure 2b).

and upper tips of selected main faults affecting the seafloor
and the lower portion of the seismic line in Figure 3 (see also
Supporting Information Figure S1 for the same seismic line
in 1:1 scale). The conversion has been achieved using the
velocity at the seafloor (1800m/s) and the deepest velocity
value from the Well-1 (2400 m/s) (Figure 2b) and estimating
the length of the faults through Pythagorean theorem and
the trigonometric function of the sine of the dip angle. For
the kinematic analysis, following the methods suggested by
Allmendinger (2020), we calculated the mean vector of the
poles of each group of planes and then the angle between
those two mean vectors, which gave us the angle between
the two conjugate fault sets. We kept in mind that o, bisects
the acute angle between the planes (the obtuse angle be-
tween the poles) and is perpendicular to the average line of
intersection between the two groups of planes (Figure 9b;
Supporting Information Figures S3 and S4 for analysis of
stress inversion and faults from earthquakes, Delvaux &
Barth, 2010, and Supporting Information Figure S5 for de-
tails on the kinematic stresses analysis).

Horizon flattening was used to estimate the timing of
formation of the graben at the seafloor (Figure 10). This
technique consists of selecting a seismic line perpendicu-
lar to the strike of the faults (Figures 3 and 10) and remov-
ing the deformation of picked horizons by shifting the data
to a preselected reference horizon to a pre-deformation
position (Bland et al., 2004). This enables the visualiza-
tion and quantification of the displacement at the time of
the selected reference horizon (Rouby et al., 1996, 2000).

Three additional horizons were selected for the in-
terpretation of the deepest intervals imaged by the 2D
seismic lines (Figure 11) based on the results of previous
studies conducted in the same area (Franke et al., 2015;
Sansom, 2018; Sauter et al., 2018; Scarselli, 2022). These
horizons are: Base post-kinematic horizon (called
Top Basement by Sauter et al., 2018, or Basement?
by Scarselli, 2022); Base Cretaceous Unconformity
(Sansom, 2018; also called Late Jurassic Unconformity by
Franke et al., 2015) and Base Cenozoic (Scarselli, 2022;
also called Base Tertiary Unconformity by Sansom, 2018).
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FIGURE 4 Zoom-in views of the channels from seismic line in Figure 3, with dated seismic horizons and faults, which provide details of

interpreted erosional and depositional elements of the channel systems. Locations of (a) and (b) are indicated in Figure 3 by black squares.

5 | RESULTS

5.1 | Late Cenozoic horizons

The M1 horizon is a high-amplitude hard-kick seismic
reflection and at places shows an erosional character as
evidenced by reflection truncations (Figures 2b, 3 and 4).
M1 ties with Well-1 at a true vertical depth below the sea
level (ssTVD) of 2272 m (Figure 2b), giving a stratigraphic
age of 38 Ma (Maselli et al., 2020).

Horizon M2 is characterized by a soft-kick reflection,
laterally changing in amplitude (Figures 2b, 3 and 4) and
intersects Well-1 at 2129 m ssTVD (Figure 2b). M2 has been
dated to 28 Ma (Rupelian to Chattian; Maselli et al., 2020).

Horizon M3 is marked by a continuous to discontin-
uous hard-kick reflection with variable amplitude and
mostly concordant with underlying stratigraphy except
where it has been traced at the base of erosional turbidite
channel systems or landslides (Figures 2b, 3 and 4). M3
ties with Well-1 at 1655m ssTVD (Figure 2b) and has a
stratigraphic age of 15Ma (Maselli et al., 2020).

Horizon M4 is marked by a semi-continuous to discon-
tinuous soft kick (Figures 2b, 3 and 4), laterally changing
in amplitude and locally being eroded by more recent

and/or active deep-water channels (Figure 4), which
are also visible at the seafloor. It intersects the Well-1 at
1475m ssTVD (Figure 2b), and it has been dated to 5.3 Ma
(Maselli et al., 2020).

The seafloor horizon is a continuous positive/hard-
kick, with high seismic amplitude and a continuous re-
flectivity (Figures 2b, 3 and 4). It is more U-shaped when
incised by channels at the modern sea bottom, and wavier
at the side of these channel incisions (Figure 4).

5.2 | Evolution of the submarine
channels from Miocene to recent

We generated horizon surface maps for three mapped ho-
rizons: M3, M4 and the seafloor (Figures 5-7; Supporting
Information Figure S2 for M1 and M2 horizon maps).
The surface map of horizon M3 exhibits a discontin-
uous appearance to the north, and a more homogenous-
continuous to the south (Figure 5). In the north, we
observe multiple incisions characterized in plain view
by braided-like, straight to slightly sinuous morpholo-
gies, displaying a disorganized lateral migration pat-
tern and poorly defined margins (Figure 5a,b). The
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FIGURE 5 Surface elevation (a), line drawing (b), Root-mean square (RMS) amplitude (amp.) extraction (c) and Variance edge attribute
extraction (d) maps of the horizon M3. Solid white line indicates the position of the seismic line in Figure 3. Solid green shade lines (b) show
the position of the channel incisions, with the more recent being in a lighter colour. Solid black lines (b) are used to highlight other incisions
which can be distinguished but only partially followed. Solid yellow lines: Seagap fault and related faults. Solid red lines: NW-SE fault
domain 1 (Figure 9a). Solid purple lines: NNW-SSE fault domain 2 (Figure 9a).

high RMS amplitude response and overall morphology
may indicate the presence of coarse-grained sediments
(Figure 5c,d). In the central-south region of the surface
map, localized multiple, slightly southward migrating,
W-E oriented incisions are observed, still showing pre-
dominantly a disorganized lateral migration pattern

but better-defined margins (Figures 5a,b and 8a). These
incisions are more sinuous although still braided (SI:
1.07) and show a widening both moving from west to
east and from old to more recent sequences, where they
have better-defined margins. Some of the incisions in
this region can be followed downslope for the entire
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FIGURE 6 Surface elevation (a), line drawing (b), Root-mean square (RMS) amplitude (amp.) extraction (c) and Variance edge attribute

extraction (d) maps of the horizon M4. Solid white line indicates the position of the seismic line in Figure 3. Solid green shade lines (b) show

the position of the channel incisions, with the more recent being in a lighter colour. Solid black lines (b) are used to highlight other incisions

which can be distinguished but only partially followed. Dashed black lines reveal the abandoned channels positions or successive incisions
(b). Solid yellow lines: Seagap fault and related faults. Solid red lines: NW-SE fault domain 1 (Figure 9a). Solid purple lines: NNW-SSE fault

domain 2 (Figure 9a).

map (Figure 5a,b), cutting across an area characterized
by a low RMS seismic amplitude response (Figure 5c¢,d),
which indicates that these channels incise fine-grained
slope deposits (Figure 5). We assume that differences
in imaging/visualization of the channels in the north

and centre-south portion of the map are related to
their emplacement on coarse- or fine-grained material
(Figure 5c). In cross section (Figures 3 and 4a), we can
observe that these incisions are characterized by high-
to-medium amplitude, continuous to discontinuous
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FIGURE 7 Surface elevation (a), line drawing (b), Root-mean square (RMS) amplitude (amp.) extraction (c) and Variance edge attribute
extraction (d) maps of the seafloor horizon. Solid white line indicates the position of the seismic line in Figure 3. Solid green shade lines (b)

show the position of the channel incisions, with the more recent being in a lighter colour. Solid black lines (b) are used to highlight other

incisions which can be distinguished but only partially followed. Dashed black lines reveal the abandoned channels positions or successive
incisions (b). Solid grey shade lines (b) highlight distinguished terraces. Solid yellow lines: Seagap fault and related faults. Solid red lines:
NW-SE fault domain 1 (Figure 9a). Solid purple lines: NNW-SSE fault domain 2 (Figure 9a).

reflections, showing predominantly vertical disorga-
nized stacking patterns, bounded and/or interrupted by
erosional surfaces (Figures 3 and 4a). These units are
flanked by more continuous and homogeneous seismic
reflections that converge laterally (Figures 3 and 4a),
thus suggesting the presence of drift/levees deposits.

From the RMS and variance maps (Figure 5c,d), we do
not observe high amplitude response N-S oriented on
the western side, thus further demonstrating the ab-
sence of a NNW-SSE-oriented channel system at this
time. Sediments with medium to high RMS amplitude
response are visible towards the centre-eastern portion
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FIGURE 8 Close-up views of portion of the channels at horizon M3 (a), at horizon M4 (b) and at the Seafloor (c). Locations are
indicated in Figures 5-7 by orange squares.

g
R
b~
N
R
w
o
g
g
g
El
3
S
5
g
g"
2
=
S
!
S
5
2
=
S
o
o
2
8
e
g
c
2.
<
]
,‘9;
<
=z
2
<]
P
s
2
5
:
[y
g
2
<
S
'S
3
S
3
3
=
]
2
3
o
g
2
s.
2
2
2
S
=
2
g
8
)
2
8
ES
el
3
7
3
2
8
=
g
ki
S
E
2
o
=1
5
C
_D"
<
)
2
']
=%
c
8
g
2
[=3
1]
2
@©
]
<
2
=1
8
g
3
3
=
g
@©
o
8
5
g
3
3
3
[
3
8




DOTTORE STAGNA ET AL.

2o | WILEY— B2 legjuacn
(Figure 5c,d), which is mostly dominated by low RMS
amplitude and variance responses; the highest RMS val-
ues characterize the W-E-oriented channel fills. Overall,
these channel-levees deposits are interpreted as mixed
turbidite-contourite systems, as discussed by other stud-
ies in the region (Dottore Stagna et al., 2023; Fuhrmann
et al., 2020).

The M4 surface map displays a similar discontinuous
appearance to the previous M3 horizon map (Figure 6).
However, the M4 surface reveals that older channels are
now abandoned, and newly formed ones have oriented
in a north-south direction (Figures 6 and 8b). These new
channel systems exhibit similar characteristics but are
more sinuous (SI: 1.3) to less braided when compared to
the previous channel system (Figure 6a,b and 8b), with a
sinuosity increasing southward, where it is also possible
to observe meander cut-off and abandonments, resulting
in the formation of multiple terraces and confined levees
(Figure 3, 4b, 6a,b and 8b). To the north of the M4 surface
map, west-east-oriented channels can be observed which
are disconnected upslope (Figure 6).

On the western side, the seafloor surface shows a sin-
uous to meandering (SI: 1.55) north-northwest to south-
southeast oriented channel (Figures 3, 4b, 7a,b and 8c).
This channel erodes pre-existing incisions and leads to
the formation of multiple terraces and confined levees
(Figures 3, 4b, 7a,b and 8c). We can distinguish at least
three phases of incision based on the terraces observed
(Figures 4b, 7b and 8c). Additionally, west-east-trending
submarine incisions are visible in the northern portion
of the surface, and two of them are disconnected from
the main sediment entry point upslope (Figure 7a,b) and
interpreted to form due to overspill of sediments from the
north-south-oriented channel. The previously observed
incisional area in the southern portion of the surface is
still preserved at the modern seafloor and is reactivated
in the eastern deep-water region as disconnected slope
channels (Figure 7a,b) that may be related to local in-
stabilities of the slope. Overall, the seafloor surface map
is more homogeneous, showing fewer incisions on the
eastern side and a wavier appearance when compared to
the previous surfaces (Figures 5-7). It is characterized by
large, wavy, northward-trending elongated features asso-
ciated with sediment waves, which suggest the ongoing
presence of bottom currents along the Tanzanian margin
(Figure 7).

5.3 | Fault distribution and kinematics
in the post-Eocene interval

Faults were mapped through the 3D seismic dataset
from a maximum depth of 4.5s up to the seafloor and

classified into two distinct fault domains (Figures 5-7 and
9; Supporting Information Figures S1 and S5).

The first domain (red faults; Figures 3-7 and 9) com-
prises NW-SE-oriented normal faults (Figures 5b-d,
6b-d, 7b-d and 9a) showing an extensional NE-SW ki-
nematic (Figure 9b). The rose diagram exhibits petals
oriented parallel to the strike with a mean value vector
of 313° (x1.2°) for SW dipping faults and 133° (x1.6°)
for NE dipping faults (Figure 9b). These faults are
mostly moderate to high-angle normal faults, dipping
both NE and SW (Figure 9b). NE dipping normal faults
have an average of 48.7° (+25° for depth conversion) of
dip, while SW dipping normal faults have an average
of 42.9° (4+23° for depth conversion) of dip (Figure 9).
Kinematic analysis of faults of domain 1 (Figure 9b)
highlights that stresses are c1: 047/87, ¢2: 313/01 and
63:223/03, which, according to the vertical stress princi-
ple (Anderson, 1905), highlight their extensional compo-
nent. These faults detach from the pre-Oligocene units,
are active from the middle Miocene (15Ma) and, in some
places, offset the seafloor indicating recent tectonic ac-
tivity (Figures 3, 5b-d, 6b-d and 7b-d; Supporting
Information Figure S1).

The second fault domain (violet faults; Figures 3-7
and 9) consists of NNW-SSE-oriented normal faults
opening the NNW-SSE-oriented graben, with ENE-
WSW extensional kinematic (Figures 5b-d, 6b-d, 7b-d
and 9a). NNW-SSE faults have an arcuate orientation
which terminations may indicate the presence of relay
structures. These faults dissect the previously men-
tioned NW-SE-oriented faults (Figures 5b-d, 6b-d,
7b-d and 9a) indicating that they are the result of more
recent tectonic activity. The rose diagram shows petals
parallel to the strike direction with a mean value of 320°
(£2.7°) for WSW dipping faults and 158° (+1.6°) for
ENE dipping faults (Figure 9b). ENE dipping normal
faults have an average of ca. 50.1° (+15° for depth con-
version) of dip and WSW dipping normal faults have an
average of ca. to 38.2° (+16° for depth conversion) of
dip (Figure 9b). Kinematic analysis of faults of domain
2 (Figure 9b) highlights that stresses are 61: 114/79, 62:
332/09 and o3: 241/07, which shows that the area is in
extension (extensional tectonic regime). Furthermore,
we observe a ca. 20° rotation of principal stress axes
between the two domains (Figure 9b), but even for do-
main 2, they are ca. 30° from the earthquake-derived
values (Delvaux & Barth, 2010; see also Figures S3
and S4) in the area, thus highlighting decoupling with
deeper structures. Similar to the first domain, faults of
domain 2 detach within the pre-Oligocene units and
offset the seafloor indicating recent tectonic activity
(Figures 3, 5b-d, 6b-d, 7b—d; Supporting Information
Figure S1). Although there is no observed evidence of
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Faults domain 1
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FIGURE 9 (a)Structures map of the study area, illustrating fault traces as lines. Red lines indicate faults from Fault domain 1 (b), while

purple lines are faults of the graben (Fault domain 2, b). Yellow lines are fault traces associated with the Seagap fault system, and these

are not included in (b) plots. (b) Stereoplots, rose diagrams and kinematic analysis of the two fault domains (1: 65; 2: 6,; 3: 65). For Fault

domain 1, poles of each group of planes are indicated by black dots and mean vector of the poles to each group of planes are indicated by red

dots, while stresses (o;, 6,, 6;) are indicated with orange squares. For Fault domain 2, poles of each group of planes are indicated by black

dots and mean vector of the poles to each group of planes are indicated by violet dots, while stresses (6,, ,, 65) are indicated with dark red

squares.

syn-deposition, also due to the erosion generated by
the channel flowing within the graben between the M4
horizon and the seafloor (Figures 3 and 4), the fault
activity is inferred to have commenced during the early
Pliocene, around the time of the M4 horizon (early
Pliocene time, 5.3Ma) because of the deviation of
the channel system occurs at this time (Figures 5b-d,
6b-d, 7b-d). These faults are predominantly located
in the westernmost part of the study area, offshore the
southern portion of Mafia Island (Figures 5b-d, 6b-d,
7b-d). Seismic data show that these faults generate
horst-graben and half-graben structures (Figure 3 and
Supporting Information Figure S1), thereby confirm-
ing the extensional component in the area during this
time (Figure 9b).

5.4 | Timing and evolution of the
graben offshore Mafia Island

Horizon flattening was applied along horizons M1,
M2, M3, M4 and the seafloor to understand the

timing and evolution of the graben offshore Mafia
Island (Figure 10).

Flattening of the horizons M1 and M2 (Figure 10a,b)
provides a representation of the pre-tectonic deformation
offshore: below the flattened M1, the reflectors are hori-
zontally layered within the Eocene sequence (Figure 10a)
and the same is observed at the flattening of the M2 hori-
zon, with the pre-Oligocene sequence being continuous
across the graben (Figure 10b). Changes in thickness be-
tween M1 and M2 horizons are associated with northward
elongated levees or due to the erosive component of the
M2 surface (Figure 10b). Minor irregularities observed
near major faults of the graben were not caused by defor-
mation but are rather related to depositional and erosional
processes.

Flattening of horizon M3 reveals mostly horizontal re-
flections in the graben location, with only minor displace-
ment noticeable for faults located on the east side of the
graben and the eastern side of the seismic line outside the
graben (Figure 10c). The uplift in the middle of the sec-
tion is an artefact generated by the restoration of the real
incision visible in that position (Figure 10c). Changes in
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FIGURE 10 Horizon flattening across the studied graben. In red and purple are the faults considered to be active at the time of the
flattened horizon. (a) M1 horizon (38 Ma) flattened; (b) M2 horizon (28 Ma) flattened; (c) M3 horizon (15Ma) flattened; (d) M4 horizon
(5.3Ma) flattened; (e) Seafloor flattened.
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thickness between M3 and the previous horizon M2 are
again associated with the erosive component of the sur-
face M2 and erosive features such as channels above the
M2 horizon.

Flattening of horizon M4 shows the initial stage of
the graben development on the western side of the seis-
mic section (Figure 10d) where M1, M2 and M3 horizons
start to be displaced. By ignoring the artefacts arising
from the deformed horizon, it becomes evident that the
surfaces are mostly undisturbed on the eastern portion
of the seismic line, except where the deformation was
already taking place (Figure 10d). There is no evidence
of syn-deposition in the eastern portion of the seismic
line, while in the western graben, a change in thickness
is visible between horizon M3 and M4, which may be as-
sociated with the erosive component of the M4 surface
(Figure 10d).

When flattening the seafloor horizon, we can observe
that most of the deformation of the graben occurred more
recently (Figure 10e). A distinct depocentre on the western
side between the M4 and seafloor horizons can be associ-
ated with channel deposits and levee-drifts (Figure 10e).
However, due to the presence of the modern channel at
the seafloor, it becomes challenging to infer any evidence
of syn-deposition.

5.5 | Mesozoic horizons,
units and structures

In the 2D seismic reflection data, the deepest mapped
horizon, named the Base post-kinematic horizon (called
Top Basement by Sauter et al., 2018), is marked by a
discontinuous/semi-continuous hard-kick character-
ized by high-to-medium seismic reflection amplitude
(Figure 11a,b). This horizon separates chaotic to semi-
continuous, wedge-shaped seismic reflection packages
below (Figure 11cl,c2), from onlapping to continuous
parallel reflections above. We interpret this horizon to
represent the base of the post-rift sequence, located above
syn-deposition (Karoo-age sedimentary sequence), as also
discussed in Franke et al. (2015) and Sauter et al. (2018).
The acoustic basement is located below the syn-rift de-
posits and marked by a discontinuous hard-kick, at
parts corresponding to the Base post-kinematic horizon
(Figure 11a,c1,c2). The thickness in between this horizon
and the Base Cretaceous Unconformity is overall constant,

Basin % EAGE _Wl LEyjls—om

with localized variations related to deep rift structures
(Figure 11a,b).

The Base Cretaceous Unconformity (Sansom, 2018; also
called Late Jurassic Unconformity by Franke et al., 2015)
is characterized by a continuous hard-kick, high-to-
medium seismic amplitude reflection, which truncates
pre-existing seismic reflection packages (Figure 11a,b).
It was interpreted to mark the passage from rifting
to transform-controlled passive margin development
(Franke et al., 2015; Sauter et al., 2018). Localized changes
in thicknesses between the Base Cretaceous Unconformity
and the Base Cenozoic appear to be depositional-related
(Sansom, 2018), while the overall thickness is nearly con-
stant (Figure 11a,b).

The Base Cenozoic (Scarselli, 2022; also called Base
Tertiary Unconformity by Sansom, 2018) is charac-
terized by a wavy, semi-continuous soft-kick, high-to-
medium seismic amplitude reflection (Figure 11a,b).
Below the Base Cenozoic horizon, we can observe on-
lapping reflections at a depth of ca. 1.5s TWT above the
Base Cretaceous Unconformity (Figure 11d1,d2) and an
overall change in dip of the reflections along the seis-
mic line moving from west to east (Figure 11a,b), with
the reflections being horizontal-to-west dipping and
then changing to slightly east dipping at ca. 20 km mov-
ing eastward from the left beginning side of the seismic
line. This suggests the presence of a smooth monocline
(Figure 11a,b), a sub-cylindrical fold that exhibits a
single smoothly west-inclined limb in an overall flat
or gently east-dipping sequence. An increase in thick-
ness can be observed between the Base Cenozoic hori-
zon and the seafloor, mostly on the western side of the
seismic section, while thickness decreases eastward
(Figure 11a,b).

The graben is bordered and dissected by east- and west-
dipping high-angle faults, which displace parallel contin-
uous medium to low seismic reflection amplitude in the
upper section (Figure 11a,b). These normal faults dissect
most of the sequence above the Base Cenozoic: some of
the normal faults splay from two high-angle master faults,
respectively, east- and west-dipping (Figure 11a,b). Some
of the largest faults detach at a depth of ca. 1s TWT above
the Base Cretaceous Unconformity (Figure 11a,b), dissect-
ing the Base Cenozoic horizon but do not affect the Base
Cretaceous Unconformity horizon, thus showing their in-
dependence from pre-existing deeper faults. This indicates
that the monocline formed before the shallowest faults.
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FIGURE 11 2D seismic reflection line from SLB, both non-interpreted (a) and interpreted (b). Two black rectangles in (a) indicate the
location of the two close-up views located at the bottom of the figure (c, d). Black arrows: onlaps. Dashed black lines: acoustic basement.
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6 | DISCUSSION

6.1 | Correlation between shallow and
deep structures

To evaluate whether the tectonic activity giving rise to
the graben is associated with the reactivation of pre-
existing structures, we analysed 2D seismic reflection
profiles and explored any link between Neogene and
Mesozoic structures (Figure 11). Folded reflections be-
tween the Base post-kinematic and the Base Cenozoic
horizons form a monocline gently dipping westward.
The lateral distribution of the reflections is predomi-
nantly horizontal and continuous, with folding becom-
ing evident at the limb location (Figure 11), where the
reflections smoothly dip westward. Particularly, on-
lapping reflections occur at the limb and the hinge in
between the Base Cretaceous Unconformity and the
Base Cenozoic horizons (Figure 11d). Furthermore,
data show that the monocline coincides with underly-
ing extensional basement faults and uplifted basement
(Figure 11a,b). Based on the reflections' terminations
and thickness distribution, we speculate that the fold-
ing/basement uplift occurred after the Base Cretaceous
Unconformity and probably during the Cretaceous
(middle-late Cretaceous). Shallower extensional struc-
tures above the monocline are decoupled from the fold
itself (Figure 11). Normal faults above the monocline
form a NNW-SSE graben, ca. 180 m deep and ca. 5.55km
wide at the modern seafloor (Figure 3). These faults
detach at a depth of ca. 0.5s from the tip of the mono-
cline into the Cretaceous unit (Figure 11) from muddy
prone deposits (Sansom, 2018; see also Supporting
Information) and dissect the Cretaceous and Cenozoic
sequences up to the seafloor without evidence of syn-
growth deposition (Figures 3 and 11), thus suggesting
decoupling and a phase of tectonic quiescence offshore
from late Cretaceous until Miocene. The absence of syn-
growth deposits suggests very recent extensional tec-
tonic activity, at least from the Pliocene to recent times,
in agreement with the results of the flattening analysis
(Figure 10).

It is well known that the East African margin was
built over multiple episodes of reactivations (both exten-
sional and compressional) of pre-existing structures and
deep structures were overprinted by the more recent tec-
tonic activity of the EARS (Dottore Stagna et al., 2022;
Franke et al., 2015; Iacopini et al., 2023; Sii & Underhill,
2015). Monoclines can develop above blind faults (see
Ameen, 1988; Beloussov, 1959; Ferrill et al., 2007; Hardy
& McClay, 1999; Hudson, 1955; Prucha et al., 1965;
Sandford, 1959; White & Crider, 2006; Willsey et al., 2002),
and although a detailed understanding of the mechanisms

forming the monocline is beyond the scope of the paper,
we propose two models that can explain the monocline's
growth considering the tectonic setting of the area. The
first model implies an extensional fault propagation folding
through normal reactivation of a pre-existing west-dipping
fault developing at the tip of propagating normal faults
(e.g., Ferrill et al., 2012; Gawthorpe et al., 2003; Jackson
et al., 2006; Patton, 1984; Stearns, 1978; Tavani et al., 2013),
thus generating upward-widening monoclines (Gawthorpe
et al., 1997; Janecke et al., 1998; Khalil & McClay, 2002;
Schlische, 1995; Willsey et al., 2002). Alternatively, the for-
mation of the monocline can be related to the inversion
of a pre-existing east-dipping normal fault forming a fault
propagation fold (Erslev, 1991; Hardy & Finch, 2006; Suppe
& Medwedeff, 1984; Tindall & Davis, 1999). Similarly to
the study area, extensional structures in shallower strati-
graphic units that are decoupled from deeper structures
have been observed to form at the upper inflexion point of
a monocline (Pascoe et al., 1999; Vendeville et al., 1995),
some distance away from basement faults and in the di-
rection of the uplifted block (Vendeville, 1987, 1988;
Vendeville et al., 1995; Withjack et al., 1990). In such sys-
tems, the degree of decoupling between deep and shallow
structures typically depends on the planar anisotropy of the
units involved in the deformation (Keller & Lynch, 1999;
Stearns, 1978; Vendeville, 1987; Withjack et al., 1988, 1989).
In the study area, sediments between the Base Cretaceous
Unconformity and Base Cenozoic horizons consist of mud-
dominated contourite drifts and turbidite fans affected by
along slope currents (Sansom, 2018) covered predomi-
nantly by coarse-grained gravity flow deposits which can
explain the decoupling between the Mesozoic and Neogene
structures (see Supplemental Materials—Angle of internal
friction).

Decoupling between shallow and deep structures can be
further demonstrated by comparing the stress field within the
study area (Delvaux & Barth, 2010; Figure 9b and Supporting
Information Figures S3-S5). We observe that 6, is vertical (or
quasi-vertical), while ¢, and o5 are sub-horizontal, which,
according to the vertical stress principle, indicates that the
area is affected by an extensional tectonic regime. Fault slip
analysis and the plot of the poles to the faults (Delvaux &
Barth, 2010; Supporting Information Figures S3 and S4)
show radial extension in the deep section according to the
earthquake data in the study area (Delvaux & Barth, 2010),
while the analysis of shallower faults (Figure 9b) highlights
a pure extensional regime. Analysis of the principal stress
axes shows that there is ca. 20° rotation of principal stress
axes between the two domains and a ca. 30° rotation of prin-
cipal axes of fault domain 2 and the earthquake-derived
values (Figure 9b and Supporting Information Figures S4
and S5) that further agrees with our decoupling hypothesis
between shallower and deeper structures. The fault plane
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solution shows predominantly a W-E extension (Supporting
Information Figure S4), in agreement with what has been
observed from the plot (Figure 9) and with the more regional
stress regime (Delvaux & Barth, 2010).

6.2 | Tectonic influence on turbidite
channel pathway

Observations from seismic data, horizon maps and flat-
tening analysis indicate a relatively recent (at least from
the Pliocene, 5.3 Ma) development of the graben visible at
the modern seafloor (Figures 3-7, 10 and 11) and influ-
ence on the submarine channel network offshore Mafia
Island.

At 15Ma, the map of horizon M3 reveals predominantly
west—east-oriented submarine channel pathways (Figure 5;
Supporting Information Figure S2). Flattening analysis
of the horizon M3 reveals only minimum displacements
(<80m) visible for faults located on the eastern side of the
seismic line and bordering the eastern side of the graben
(Figure 10c). These faults do not influence the channel
pathway and are interpreted to predate the initiation of
the graben. By the time of M4 deposition (5.3Ma), a net
reorganization of the slope to the deep-water drainage net-
work is evident (Figure 6). The earlier west-east-oriented
turbidite channels are disconnected and deactivated at this
time (Figure 6), giving way to a new NNW-SSE channel
pathway along the slope (Figures 6 and 7). The channels
are structurally confined by NNW-SSE-oriented normal
faults (Figures 6, 7 and 9). Flattening analysis of horizon
M4 demonstrates that the initiation of the opening of the
graben is consistent with the southward shift of the chan-
nels (Figure 10d). At that time, NNW-SSE-oriented nor-
mal faults dissected the western portion of the study area,
thus creating a structural topographic low (graben) which
funnelled the turbidite channels in a new preferred NNW-
SSE-oriented pathway. This new orientation continues
until the present day, as evidenced by the channel at the
modern seafloor (Figures 1, 3, 4 and 7), which still follows
the ramp direction of the graben border faults (Figure 7).
We interpret this deformation to be coeval with the channel
development, generating channel diversions.

Structures affecting the seabed and their control on the
location, pathway and architecture of channel-levee sys-
tems were already observed in other studies and geolog-
ical settings (Anderson et al., 2000; Broucke et al., 2004;
Clark & Cartwright, 2009, 2011; Cronin, 1995; Gamboa
et al., 2012; Gee & Gawthorpe, 2006, 2007; Huyghe
et al., 2004; Mayall et al., 2010; Rowan & Weimer, 1998;
Sinclair & Tomasso, 2002; Smith, 2004). Structurally
controlled alterations of the seafloor topography result
in deflection, diversion, constriction and blocking of

turbidity channels (Clark & Cartwright, 2009, 2011; Gee
& Gawthorpe, 2006, 2007; Mayall et al., 2010; Prather
et al., 1998; Smith, 2004). In the study area, the normal
downslope direction is towards the east (towards the west-
ern Indian Ocean). However, since 5.3 Ma until the pres-
ent day, we observe a southward diversion of the channels
away from their original route (Figures 6 and 7). The new
NNW-SSE-oriented submarine channel pathway remains
visible at the modern seafloor (Figure 7). It continues for
ca. 50km southward within the topographic low of the
graben, until it is diverted at ca. 9°S and 40°E, where it
resumes its way eastward (Figure 2a). The diversion is
likely controlled by the presence of one or more fault sets
oriented at a high angle to the eastwards flow direction
(Clark & Cartwright, 2009; Prather et al., 1998; Sinclair &
Tomasso, 2002; Smith, 2004). In this scenario, this obstacle
is generated by the uplifted footwall of the eastern border
of the graben that obstructs the eastward downslope flow
and causes the channel to occupy the newly forming topo-
graphic low of the graben (Figures 3 and 6).

The morphology of the channels in terms of me-
ander width and sinuosity also changed through time
(Figures 5-7). We observe a net variation in channel geo-
morphology from relatively narrow and low sinuosity
(Figure 5) during the middle Miocene (15Ma) to wider,
thicker and higher sinuosity (Figure 7) at the modern
seafloor. The variability in sinuosity of turbidite channels
may be generated by different factors (e.g., flow erosional
component, lateral stacking, lateral accretion and sea-
floor topography; Mayall et al., 2006) and other external
factors, including climate, sea level and tectonics (Kolla
et al., 2007; Mayall et al., 2006). To understand whether
this net change in channel geomorphology in the study
area is due to depositional processes or is a function of
changes in seafloor topography, we need to consider the
relationship between deformation and sediment transport
and accumulation (Howlett et al., 2020; Mayall et al., 2006)
as well as changes in the slope gradient (Ferry et al., 2005;
Gee & Gawthorpe, 2006; Huyghe et al., 2004). Between
the middle Miocene and the Pliocene (15 to 5.3Ma),
East Africa underwent a transitional phase to cooler and
drier conditions and experienced aridification towards
the late Pliocene (Cerling et al., 2011; deMenocal, 2004;
Levin, 2015; Uno et al., 2011). At the same time, a global
sea-level highstand was recorded (Miller et al., 2020), as
well as a decrease in sediment fluxes along the Tanzania
margin (Dottore Stagna et al., 2022; Said et al., 2015). This
phase of decreased sediment fluxes towards the western
Indian Ocean and global sea level highstand agrees with
a condition of reduced sediment transport-accumulation
related to a period of high structural growth of the gra-
ben, as already documented in other systems (e.g., Clark
& Cartwright, 2009; Gee & Gawthorpe, 2006; Howlett

85U8017 SUOWILLOD 3A[18810 3 [dedldde 8y} Aq peusenob a1e s9oile O 8sn Joso|nl 10} ArIqi]8UIIUQ A1 UO (SUONIPUCD-PUR-SLLBIWO A8 | 1M AlRIq 1 BU1[UO//:SdNY) SUORIPUOD PUe SWIB | 8L 88S *[5202/T0/90] Uo Ariqi auliuo A8|iM ‘euspo N AISieAIuN Aq 8/82T.0/TTTT OT/I0p/wod A8 | Afelq1jeuljuo//Sdiy wolj pepeojumoqd ‘s ‘v20z ‘LTTZS9ET



DOTTORE STAGNA ET AL.

Basin % EAGE _Wl L‘Eij—0f28

et al., 2020). In fact, during this period of low sediment
fluxes, sea-level highstand, drier and cooler conditions and
aridification, the large diversion of the turbidite channels
parallel to the structural relief occurred and was main-
tained over a large distance, with an increase in sinuos-
ity (SI: 1.3) and in channel incisions (ca. 0.6 km wide and
<100m deep) (Figures 4b and 6). This phase was followed
by an additional increase in channel’ width and sinuos-
ity, with the channel at the modern seafloor being wider
(with the main erosional surface reaching a max width of
ca. 1.5km and a depth of 235m), erosive and more sinu-
ous (SI: 1.55). This more recent variation occurred during
global sea level highstand (Miller et al., 2020), the passage
from wooded habitats transitioned to open grasslands and
more arid conditions (Bobe & Behrensmeyer, 2004) and
reduced sediment fluxes (Dottore Stagna et al., 2022; Said
et al., 2015).

We interpret that the structurally generated diversion
of the turbidite channels (Figures 6 and 7) in smaller than
two km topographic lows (Howlett et al., 2020), struc-
tural narrowing and the increase in the confinement of
the channel complex (Figures 3 and 4b; Abreu et al., 2003;
Kane et al., 2008), led to increase in sinuosity and widen-
ing of the channel. Although we consider the structural
development of the graben and increase in confinement
to be the main factors influencing the variation in mor-
phology of the channel system, we do not exclude that
sea-level highstand, arid climatic conditions, coincident
with reduction in sediment fluxes and decrease in sup-
ply of coarse-grained sediments, may have promoted
steadier flow (Kolla et al., 2007) and the increase in sinu-
osity and width of the channel (Kolla et al., 2007; Mayall
et al., 2006). In addition, since 5.3 Ma the channel path-
way is oriented along the slope, and a decrease in slope
gradient can also generate an increase in channel sinuos-
ity (Ferry et al., 2005; Gee & Gawthorpe, 2006; Huyghe
et al., 2004; Kolla et al., 2007).

The effect of late Miocene to recent extensional tec-
tonics on turbidity channels was observed at other lo-
cations along the Tanzanian margin (Dottore Stagna
et al., 2022; Maselli et al., 2019). To the north of our
study area, the asynchronous tectonic uplift and ex-
posure above sea level of Pemba and Zanzibar islands
disconnected submarine canyon-channel systems from
their feeding systems (Dottore Stagna et al., 2022). This
extensional regime in the northern Tanzanian margin
has persisted since the middle Miocene (Dottore Stagna
et al., 2022), with EARS-related normal faults dissecting
pre-existing anticlines and promoting the exposure of
Pemba Island as horst during the middle-late Miocene,
and Zanzibar Island during the late Miocene-early
Pliocene (Dottore Stagna et al., 2022). While Pemba
Island was being exposed above the sea level, the graben

offshore Mafia Island had not yet formed. However,
the timing of a reduction in the number of deep-water
channels offshore Zanzibar Island, associated with the
island's uplift (Dottore Stagna et al., 2022), coincides
with the opening of the graben offshore Mafia Island.
Southward of our study area, Franke et al. (2015) and
Maselli et al. (2019) discussed the bathymetric changes
associated with the opening of the Kerimbas graben (KG)
and the uplift of the Davie Ridge (DR). The KG began
to open as half-graben during the Miocene and evolved
into a symmetric structure since the Pliocene with the
development of the eastern border fault that uplifted
the DR (Franke et al., 2015; Maselli et al., 2019). This
resulted in an initial reduction in turbidite channels be-
tween 15 and 5.3 Ma and a redirection of the deep-water
drainage network to the north, with the DR acting as a
bathymetric barrier to gravity driven-flows originating
along the Tanzanian shelf-slope (Maselli et al., 2019).
Consequently, this study highlights a common trend in
the evolution of offshore extensional structures from
north to south, not only in terms of timing and kinemat-
ics of the structures but also of their control on slope-to-
deep water systems having important consequences on
deep-water sediment delivery along the margin.

6.3 | Analogies between the
onshore and offshore domains of the EARS

The extensional tectonic observed along the western
Indian Ocean, including the newly discovered graben
offshore Mafia Island, presented here, may be associ-
ated with the offshore prolongation of the EARS both
in terms of kinematics and timing of its development, as
supported by various studies (Dottore Stagna et al., 2022;
Franke et al., 2015; Iacopini et al., 2023; Kent et al., 1971;
Macgregor, 2015; Maselli et al, 2019; Mougenot
et al., 1986; Nicholas et al., 2007).

The timing of formation of the graben, as well as its
orientation and kinematics, is consistent with other exten-
sional structures visible along the Tanzanian margin, thus
possibly suggesting a relatively recent phase of extensional
tectonics offshore, which commenced not before the
middle-late Miocene (after 15Ma). Faults at the modern
seafloor, recently recorded GPS data (Stamps et al., 2021),
and earthquake focal mechanisms along the Tanzania
margin (Figures 2a and 9; Yang & Chen, 2010) show that
tectonic activity related to the EARS is still ongoing in the
area and reveal mostly W-E and SW-NE extension along
the main structures offshore. This is also in agreement
with our results (Figure 9) and the regional stress field
(Supporting Information Figures S3 and S4; Delvaux &
Barth, 2010; Craig et al., 2011; Stamps et al., 2021).
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Analogies between onshore and offshore rift tectonics
margins can be made based on previous studies focused
on the understanding of the formation of rift basins as-
sociated with the EARS (Figure 12) and their influence
on the continental drainage systems (Cohen et al., 1993;
Goudie, 2005; Roberts et al., 2012; Stankiewicz & de
Wit, 2006), and slope-to-deep-water channel systems
(Dottore Stagna et al., 2022; Maselli et al., 2019). Onshore,
the palaeo-Rukwa River was flowing northwest during
the Cretaceous, following the axis of northern Malawi
and Rukwa Rift Basin across the present-day Tanganyika
(Figure 1a), until it inverted its route flowing southward
duetotilting of the Oligoceneland surface associated with
the onset of the African superswell (Roberts et al., 2012).
Rifting and flexural uplift related to the development of
the EARS' western and eastern branches generated a
more ‘concentrical’ drainage network ca. 25 Ma (Roberts
et al., 2012), whereas footwall uplift of the Tanganyika
and Ubendian eastern rift flanks (Figure 1) promoted
seaward directed flows in the Mio-Pliocene (Morley

et al., 1990; Roberts et al., 2012). Sediment accumula-
tion rates based on shallow cores, combined with depth
to basement estimates, suggested an age of ca. 9-12Ma
for Lake Tanganyika rift initiation (Figure 12; Burgess
et al., 1988; Cohen et al., 1993). However, a more recent
and revisited stratigraphic framework based on syn-rift
depositional sequences for this lake has been recently
proposed (Muirhead et al., 2019; Shaban et al., 2021;
Wright et al., 2020). The lowermost sequence ranges
from mid-Miocene to early Pliocene (Macgregor, 2015;
Rosendahl et al., 1988; Shaban et al., 2021), while
the upper syn-rift unit (Macgregor, 2015; Rosendahl
et al., 1988; Shaban et al., 2021) agrees with the basin
age estimated by Cohen et al. (1993). In other words, the
Tanganyika rift started opening at least since the mid-
dle Miocene (Figure 12), thus being coherent with the
age of basins offshore at the same latitude (i.e. Pemba
trough, Figure 1b; Dottore Stagna et al., 2022). Previous
studies on the variation in depositional sequences along
the border faults of the Lake Malawi rift (Figure 1;
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Ebinger et al., 1984), and analysis of the basin's subsid-
ence, thicknesses of the Cenozoic-Quaternary sedimen-
tary sequence and elevation of the escarpments (Betzler
& Ring, 1995; Flannery & Rosendahl, 1990; Specht &
Rosendahl, 1989), suggested that Malawi rift started its

n —
Research =

evolution in the late Cenozoic (Figure 12). However,
more recent studies estimated the onset of the exten-
sion to be at least 8.6-4.6 million years (Myr) old (Cohen
et al., 1993; Ebinger et al., 1993; McCartney & Scholz,
2016; Scholz et al., 2020) and as old as 23 Myr in the
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FIGURE 13 Conceptual model for the evolution of the study area from Cretaceous to present day. The model shows first the quiescent
phase during the Cretaceous (Reeves, 2018), after the formation of the monocline that did not impact the W-E oriented deep-water channel
network (al, a2; see also Sansom, 2018). This quiescent phase continued until 15Ma, with turbidite channels still mostly W-E oriented and
NW-SE oriented faults being active at this time (b1, b2). The opening of the graben (ca. 5.3 Ma) completely reorganized the slope-to-deep-
water channel system, redirecting southward the channel network (c1, c2). DR, Davie Ridge; KG, Kerimbas Graben.
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northern portion of the Malawi rift (Mortimer et al., 2016;
Roberts et al., 2012). The northern portion of the Malawi
rift began forming first during the Miocene at ca. 23Ma
(Accardo et al., 2018; Betzler & Ring, 1995; Ebinger
et al., 1984; Flannery & Rosendahl, 1990; Mortimer
et al., 2016; Scholz et al., 2020; Shillington et al., 2020;
Specht & Rosendahl, 1989) than the central southern
portion, estimated to start forming maximum in the
Pliocene at ca. 9 to 4 Ma (Figure 12; Ebinger et al., 1993;
McCartney & Scholz, 2016; Scholz et al., 2020; Shillington
et al., 2020). These results also highlight a coherent
timing between onshore and offshore structures at the
same latitude (graben of this study, and Kerimbas gra-
ben, Figure 1b; Franke et al., 2015; Maselli et al., 2019).
However, there are still uncertainties about the timing
of the extension and basin formation onshore, since the
oldest syn-rift sediments were not sampled, which may
mislead the understanding of the relationship between
onshore and offshore structures related to the EARS.
Extensional tectonic and uplifted rift shoulders also
redirected the Ruaha-Rufiji and Rovuma rivers to the
east (Maselli et al., 2019; Morley et al., 1992; Nicholas
et al., 2007; Roberts et al., 2012; Trauth et al., 2005), with
increases in sediment supply recorded offshore (Dottore
Stagna et al., 2022; Said et al., 2015).

Considering what has been said about the time of rifting
of Lake Tanganyika rift and Lake Malawi, we can observe
a coherent timing of development offshore (Figure 12),
with northern extensional structures started developing
first (Pemba and Zanzibar islands and through, Figure 1b;
Dottore Stagna et al., 2022), then southern extensional
structures (the graben of this study and Kerimbas Graben,
Figure 1b; Franke et al.,, 2015; Maselli et al.,, 2019).
Extensional structures along the margin onshore and
offshore rejuvenate moving southward, with the graben
in our study area and KG forming as asymmetric gra-
bens first during the Miocene (Franke et al., 2015), then
as symmetric grabens only in the early Pliocene (Franke
et al., 2015; Maselli et al., 2019).

6.4 | Tectonic and palaeogeographic
reconstruction offshore Mafia Island

We present a palaeogeographic and tectonic model of the
region from the Cretaceous to recent times that includes
the development of the graben and the evolution of the
slope to a deep-water channel system (Figure 13).

1. A period of tectonic quiescence in the late Cretaceous
followed the reactivation of pre-existing extensional
faults generating the monocline (Figure 13al,a2).
The fold did not influence the successive Cretaceous

depositional processes downslope, and few onlaps
are visible in the structure in between the Base
Cretaceous Unconformity and the Base Cenozoic hori-
zons (Figure 11a-d). Sansom (2018) showed that the
Late Cretaceous deep-water channel system in this area
flowed eastward, thus illustrating that the bathymet-
ric deformation of the evolving monocline was not
enough to stop the sediment delivery downslope.

2. A new extensional phase was established offshore
starting from the Miocene and was associated with
the EARS (Figure 13b1,b2). Normal faults detach from
intra-Cretaceous units without affecting and decou-
pling from deeper structures (Figure 11).

3. The NNW-SSE graben offshore Mafia Island opened
during the early Pliocene (Figure 13c1,c2), overprint-
ing pre-existing structures and redirecting the chan-
nel network southward. This new channel pathway is
still visible today (Figure 2a), with the channel flowing
south changing its direction again towards the east in a
more southerly position (Figure 2a).

The graben influenced, and still does, the direction of
channels that have delivered sediments eastward from the
African continent to the deep-water for millions of years
with important consequences on the sediment delivery of
more coarse-grained materials offshore.

7 | CONCLUSIONS

In this study, we reveal the presence of a previously un-
known, NNW-SSE-oriented graben, located offshore
Mafia Island at a water depth of ca. 1500 m below sea level,
and we discuss its tectonic evolution and its impact on the
submarine channel systems. Interpretation of 2D and 3D
seismic reflection data combined with structural analy-
sis shows that the formation of this extensional structure
reflects the establishment of a new tectonic regime in
this area since the early Pliocene (5.3Ma) and is distinct
from pre-existing Mesozoic structures. We speculate that
the opening of the graben reflects a later tectonic phase
of EARS that is migrating towards the offshore domain.
The opening of the graben redirected southward turbidite
channels trajectory from an eastward direction that was
stable at least since the Cretaceous, thus deeply affecting
the delivery of land-derived material to the deepsea. This
modified and structurally controlled channel pathway
persists today.

This study contributes to the understanding of the in-
tricate interplay between rifted continental margin tecton-
ics, polyphase deformation and sedimentary processes,
demonstrating the ongoing impact of the EARS in the
western Indian Ocean.
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